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" Diluted phosphoric acid was employed as catalyst in sugarcane bagasse pretreatment.
" Factorial design showed the effects of temperature, time and acid concentration.
" Very effective hemicellulose solubilization was achieved at 186 C, reaching 98%.
" Relatively low amounts of fermentation inhibitors were released in the hydrolysate.
" Phosphoric acid in the hydrolysate can be a P-source for subsequent fermentation.a r t i c l e i n f o
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The inﬂuence of time (8–24 min), temperature (144–186 C) and phosphoric acid concentration (0.05–
0.20%, w/v) on the pretreatment of sugarcane bagasse in a 20 L batch rotary reactor was investigated.
The efﬁciency of the pretreatment was veriﬁed by chemical characterization of the solid fraction of the
pretreated bagasse and the conversion of cellulose to glucose by enzymatic hydrolysis. Models represent-
ing the percentage of cellulose, hemicelluloses, lignin, solubilized hemicellulose and the enzymatic con-
version of cellulose to glucose were predictive and signiﬁcant. Phosphoric acid concentration of 0.20% at
temperature of 186 C, during 8 and 24 min, was shown to be very effective in solubilizing hemicellulose
from sugarcane bagasse, reaching solubilization of 96% and 98%, respectively. Relatively low amounts of
inhibitors were produced, and the phosphoric acid remaining in the hemicellulosic hydrolysate is at ade-
quate levels for supplying phosphorous requirement during subsequent fermentation.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Social and environmental concerns, such as the world’s depen-
dence on nonrenewable fuels derived of petroleum, use of food for
fuel production and the reduction the negative impacts to the envi-
ronment, particularly due to the emission of greenhouse gasses,
are the driving forces that propel the use of renewable raw mate-
rials for the production of alternative energy. For these reasons, the
concept of bioreﬁnery is emerging as a promising alternative be-
cause it is based on the integration of processes for the production
of energy, fuel – especially second generation ethanol – and a wide
variety of high value-added chemical products from the full use of
renewable biomass (Ragauskas et al., 2006).ll rights reserved.
: +55 81 21268346.
aior).In this way, Brazil is in a privileged position to assume the lead-
ership in the full use of biomass because it is one of the largest pro-
ducers of renewable raw materials in the world (CGEE, 2010).
Sugarcane plantations are a notable source of these materials, of
which Brazil itself represents the largest producer in the world,
reaching a production capacity exceeding 623 million tons in the
2010/2011 harvest (MAPA, 2011). However, only sucrose, which
corresponds to one-third of the sugarcane biomass, is used to pro-
duce sugar and ethanol. The remaining two-thirds represent the
bagasse, by-product obtained after crushing the sugarcane for
stripping the juice to be used for sugar and/or ethanol production,
and the leaves and tips, which constitute sugarcane straw (BNDES,
2008; DEAGRO, 2011). Approximately 250 kg of bagasse are gener-
ated per ton of sugarcane, thus representing the main lignocellu-
losic material generated in Brazil. The bagasse is largely used as
the main source of energy for the production of steam used in
the mill, and electricity (CGEE, 2010; Pandey et al., 2000; Stambuk
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the boilers it is possible to satisfy the energy requirements of the
plants with only half of the produced bagasse. If residual bagasse
from the sugar mills in Brazil were converted to ethanol, then
the amount of ethanol produced per unit area of sugarcane crop
land in Brazil would improve signiﬁcantly.
Lignocellulosic materials consist of three main organic
fractions: cellulose (35–50%), hemicellulose (20–35%) and lignin
(12–20%). They also contain small amounts of minerals (ash)
and various other compounds, which are called extractives. The
cellulose chains are packed by hydrogen bonds in so-called
‘microﬁbrils’, which are attached to each other by hemicellulose,
and covered by lignin. These microﬁbrils are often associated in
the form of macroﬁbrils. Because of this complexity, pretreatment
of these lignocellulosic materials is normally necessary before
enzymatic hydrolysis (Himmel, 2008).
Pretreatment is mainly aimed at disorganizing the complex lig-
nocellulose by reducing the lignin and hemicellulose content,
reducing the cellulose crystallinity, and increasing the porosity,
causing the opening of the lignocelllulose cell wall structure for
enzymatic degradation (Hendriks and Zeeman, 2009). The pre-
treatment can be accomplished by appropriate physical, physico-
chemical, chemical or biological means (Alvira et al., 2010; Mosier
et al., 2005). Dilute acid hydrolysis is one of the most commonly
used method of chemical pretreatment, which main objective is
to solubilize the hemicellulosic fraction of the biomass and to ren-
der the cellulose more accessible for enzymatic hydrolysis. It can
be performed during a short retention time at a high temperature
(above 160 C) or over a relatively long retention time at a lower
temperature. In general, pretreatments performed at higher tem-
peratures and shorter residence times generate higher recovery
yields of soluble xylose and improved enzymatic cellulose digest-
ibility. Depending on the substrate and the conditions applied,
80–95% of the hemicellulosic sugars can be recovered from the lig-
nocellulosic feedstock by dilute acid pretreatment (Balat et al.,
2008).
Diluted phosphoric acid for chemical pretreatment of different
biomasses have been investigated (Gámez et al., 2006, 2004;
Israilides et al., 1978; Um et al., 2003; Vázquez et al., 2007). These
studies have shown that treatments performed at low tempera-
tures and long residence times can be effective using relatively
high concentration solutions of phosphoric acid (2–6%). However,
phosphoric acid is much more expensive than sulfuric acid, which
is the cheapest and most widely investigated acid catalyst. Re-
cently, steam treatment of sugarcane bagasse with more diluted
phosphoric acid was investigated at shorter residence times and
higher temperatures, and shown to be an effective method to
hydrolyse hemicelluloses (Geddes et al., 2010). Phosphoric acid
pretreated sugarcane bagasse allowed efﬁcient fermentation of
hemicellulose hydrolysate by engineered Escherichia coli without
the need of detoxiﬁcation (Nieves et al., 2011).
In this work, dilute phosphoric acid pretreatment of sugarcane
bagasse was investigated using concentration levels adequate for
the subsequent microbial fermentation of the hemicellulose hydro-
lysate for fuel, chemical or enzyme production. An experimental
design was applied to assess the effects of temperature, time and
phosphoric acid concentration on the pretreatment in a 20 L batch
rotary reactor.2. Methods
2.1. Raw material
The sugarcane bagasse used in this study was provided by Olho
D’Água sugar plant (www.grupoolhodagua.com.br/BACKUP/site/index.php). The bagasse was collected straight from the mill and
left to dry at sunlight for two days.
2.2. Pretreatment
2.2.1. Experimental design
A linear experimental design 23 with 3 central points and a total
of 11 assays was applied to evaluate the best conditions for pre-
treatment. Three levels were deﬁned for each independent variable
(time: 8, 16 and 24 min; temperature: 144, 165 and 186 C; and
phosphoric concentration: 0.05, 0.13 and 0.20%, w/v). The follow-
ing response factors were considered: the percentages in the solid
fraction of cellulose (%C), hemicellulose (%H) and lignin (%L); the
solubilized hemicellulose (%HS); and the enzymatic conversion of
cellulose (%CC).
The software Statistica (Statsoft 7.0) was used to analyze the re-
sults, which were subjected to an analysis of variance (ANOVA).
The independent variables and responses (coded values) were cor-
related through the linear model represented by Eq. 1 in which yi
represents the response variable; b0, bj, and bij are the coefﬁcients
of the regression model; and Xi and Xj represent the coded levels of
the independent variables.
yi ¼ b0 þ
X
bjXi þ
X
bijXiXj ð1Þ2.2.2. Experimental procedure
Bagasse samples of 500 g each were introduced into a 20 L ro-
tary reactor (Regmed Indústria Técnica Ltda., model AU/E-20) with
phosphoric acid solutions at different concentrations, according to
the experimental design. The concentration of bagasse in the reac-
tor was maintained at 5% (w/v). The reactor temperature was in-
creased by an electrical resistance heating system, and the
counted time was initialized when the process reached the desired
temperature. After ﬁnishing the reaction, the temperature was re-
duced to 80 C, and the reactor was discharged. The pretreated sug-
arcane bagasse was ﬁltered, and the pulp obtained (solid fraction)
was washed three times (10 L per wash) with hot water (70 C).
The solid fractions obtained were separated for chemical and mor-
phological characterization and enzymatic hydrolysis. The liquid
fractions were submitted to chromatographic analysis to deter-
mine the concentration of fermentation inhibitors.
2.3. Enzymatic hydrolysis
The effects of the pretreatment conditions on cellulose conver-
sion were evaluated by enzymatic hydrolysis of the solid fractions
obtained in each pretreatment. For the enzymatic hydrolysis, the
commercial enzymes Celluclast 1.5 L and Novozym 188 (b-glu-
cosidase) were used. The assays were carried out in 250 mL Erlen-
meyer ﬂasks to which the bagasse and the enzyme diluted in
50 mM sodium citrate (pH 4.8) were added. The conditions were
as follows: activity of 20 FPUg1bagasse and 4 IU g1bagasse of b-glu-
cosidase, maintaining a ﬁnal ratio of 5:1 (Celluclast:b-glucosidase);
50 C and 150 rpm in a shaker (New Brunswick Scientiﬁc, model
C25KC); a ﬁnal volume of 100 mL, and a 2.0% (w/v) ﬁnal concentra-
tion of bagasse. The sample (1 mL) was taken after 72 h of hydro-
lysis, subjected to a boiling bath for 5 min, immersed in an ice
bath, and then centrifuged and ﬁltered through a 0.22 lm
membrane.
2.4. Analytical methodology
2.4.1. Analysis of chemical composition
The raw and pretreated bagasse samples were analyzed accord-
ing to the methodology described by Rocha et al. (2011). The
methodology is based on acid hydrolysis of extractive-free material
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products contained in the hydrolysate and by the gravimetric deter-
mination of acid-insoluble lignin. All samples were milled and
sieved to 20 mesh. Raw bagasse extractives were removed using
95% ethanol for 8 h in a Soxhlet apparatus. For the pretreated ba-
gasse, no ethanol extraction was performed since the pretreatment
practically remove all the extractives. A 2-g aliquot of the material
was treated with 10 mL of 72% H2SO4 in a 100-mL beaker main-
tained in a thermostatic bath at 45 C for 8 min under mixing. The
reaction was interrupted through the addition of 50 mL of distilled
water. The sample was transferred to a 500-mL Erlenmeyer ﬂask,
where the acid was diluted by water addition up to a ﬁnal volume
of 275 mL. The ﬂasks were sealed with aluminum foil and auto-
claved for 30 min at 1.05 atm for completing the hydrolysis of the
unhydrolysed oligosaccharides. After elapsing the reaction time
and depressurization, the ﬂask was removed from the autoclave
and cooled to room temperature. The mixture was ﬁltered using a
paper ﬁlter (J. Prolab, 18.5 cm diameter, ash 0.00021 g) previously
weighed. The hydrolysate was collected in a 500-mL volumetric
ﬂask and the solid residue was washed with 50-mL portions of dis-
tilled water until reaching the ﬂask volume. The solid (lignin and
ash) retained in the paper ﬁlter was washed with 1500 mL of dis-
tilled water to remove sulfate anions, and dried at 105 C until con-
stant weight. The dry residue was quantitatively transferred to a
previously weighed porcelain crucible and the sample was calcined
to 300 C for approximately 1 h and then at 800 C for 2 h. After
cooling the crucible in a desiccator, the mass of the ashes present
in acid-insoluble lignin was quantiﬁed in an analytical balance.
Soluble lignin in acid hydrolysate was determined by UV-spec-
troscopy in a 5-mL aliquot of the hydrolysate, which was adjusted
to pH 12 with 6 M NaOH and 20-fold diluted. The absorbance was
read at 280 nm (Hewlett–Packard, model 8453). The concentration
of lignin was determined by a calibration curve obtained from lig-
nin isolated from bagasse.
The sugars and degradation products were analyzed by HPLC
(Agilent Technologies 1100), employing the following conditions:
an HPX 87H (BIO-RAD) column at 60 C, 5 mM H2SO4 mobile phase
at a ﬂow rate of 0.6 mL min1, and a refractive index detector (RID)
(Martín et al., 2007; Sluiter et al., 2008a). The quantiﬁcation was
performed with calibration curves for each analyzed component,
using a solution containing cellobiose, glucose, xylose, arabinose,
formic acid, acetic acid, hydroxymethylfurfural (HMF) and furfural.
Stoichiometric factors were used to convert these components to
their precursor polymers: cellulose and hemicellulose (Rocha,
2000; Sluiter et al., 2008b).
2.4.2. Calculation of solubilization
The yields of the solid fraction obtained in the pretreatment,
which were determined gravimetrically in relation to the dry
weight of the bagasse initially submitted to the process, were cal-
culated according to Eq. (2).
Y ¼ Mf
Mi
 100 ð2Þ
where Y = yield of solid fraction (%), Mf = weight (g) of bagasse after
pretreatment (dry basis),Mi = weight (g) of bagasse before pretreat-
ment (dry basis).
To calculate the solubility of the macromolecular component,
hemicellulose, in the solid fraction determined by Eq. 3.
%HS ¼ 100  Hf  YHi
 
ð3Þ
where %HS = hemicelluloses solubilization (%), Hi = hemicelluloses
content in the raw sugarcane bagasse (%), Hf = hemicellulose in
the sugarcane bagasse after pretreatment (%).2.4.3. Morphological analysis
Morphological analysis of the raw and pretreated sugarcane ba-
gasse was performed using scanning electron microscopy (SEM).
The samples were ﬁxed with carbon tape and coated with a gold
ﬁlm of controlled thickness in an argon atmosphere for 60 s.
The micrographs were obtained on a JSM instrument (model
5900 LV) with a voltage of 10 kV under different magniﬁcations.
2.4.4. Enzyme activity
The enzyme activities (ﬁlter paper and b-glucosidase) were
determined according to methodology proposed by Ghose (1987).
2.4.5. Enzymatic conversion
The enzymatic conversion of cellulose (%CC) present in the pre-
treated bagasse samples was determined using Eq. 4.
%CC ¼ Glucose released ðgÞ
1:111  Cellulose ðgÞ  100 ð4Þ
where 1.111 is the factor of conversion for cellulose to glucose.
3. Results and discussion
3.1. Pretreatment
3.1.1. Sugarcane bagasse composition
Raw sugarcane bagasse contained (wt.%): 40.10 ± 0.93 cellulose,
27.49 ± 0.67 hemicellulose, 18.52 ± 0.76 total lignin, 5.75 ± 0.14
ashes and 5.44 ± 0.14 ethanol extractives. The compositions of
the main components (cellulose, hemicellulose and lignin) are in
agreement with the previously reported values, whose percentages
ranged from 40–48% for cellulose, 19–30% for hemicellulose and
17–21% for lignin (Chen et al., 2012; Guo et al., 2009; Mesa et al.,
2011; Rocha et al., 2012, 2011).
The experimental parameters and their respective values ap-
plied to the pretreatment of sugarcane bagasse, according to the
experimental design, as well as the results for the percentage of
cellulose (%C), hemicellulose (%H) and lignin (%L) determined by
the chemical characterization, and solubilized hemicellulose (cal-
culated according to Equation 3) are shown in Table 1.
Statistical analysis allows estimation of the main effect by eval-
uating the difference in the process performance caused by a
change from the low (1) to the high (+1) level of the correspond-
ing factor or independent variable. For this analysis, the software
Statistica (Statsoft 7.0) was used to verify the signiﬁcance of the
factors studied at the 0.05 level of signiﬁcance (a = 5%). The coded
models that represent the cellulose (%C), hemicellulose (%H) and
lignin (%L) percentages present in the pretreated bagasse and in
the solubilized hemicellulose (HS) are shown in Eqs. 5–8, respec-
tively, including only the terms that are statistically signiﬁcant
(p < 0.05) under the conditions applied in the present study.
%C ¼ 54:94 þ 5:30 X2 ð5Þ
%H ¼ 9:27  7:65 X2 ð6Þ
%L ¼ 26:88 þ 2:40 X2 ð7Þ
%HS ¼ 77:41 þ 20:97 X2 ð8Þ
An analysis of variance (ANOVA; Table 2) was performed by
applying the variables used in the pretreatment to determine
whether the models are predictive and signiﬁcant. The analysis
showed that all of the results (Table 2) had correlation coefﬁcients
higher than 90%. The calculated F values for the signiﬁcance level
of 0.05 are higher than the critical F value (F0.05; 1; 9 = 5.12) for
all of the analyzed responses. Thus, it is concluded that the
Table 1
Chemical composition (w/w) of the solid fraction of the different types of pretreated bagasses and solubilization of hemicellulose.
Assay X1 X2 X3 Cellulose (%) Hemicellulose (%) Lignin (%) Ashes (%) HS (%)
1 1(8) 1(144) 1(0.05) 45.64 ± 1.23 20.01 ± 0.92 24.07 ± 0.60 4.72 ± 0.80 46.70
2 +1(24) 1(144) 1(0.05) 47.72 ± 2.28 19.93 ± 1.37 23.35 ± 0.17 4. 22 ± 0.18 42.77
3 1(8) +1(186) 1(0.05) 60.49 ± 0.87 3.35 ± 0.08 29.33 ± 0.63 7.31 ± 0.54 93.25
4 +1(24) +1(186) 1(0.05) 61.24 ± 0.41 2.58 ± 0.17 29.64 ± 0.57 5.26 ± 1.61 94.95
5 1(8) 1(144) +1(0.20) 49.52 ± 0.60 15.32 ± 0.10 26.04 ± 0.13 6.19 ± 0.92 60.54
6 +1(24) 1(144) +1(0.20) 53.04 ± 0.48 14.93 ± 0.42 25.63 ± 0.41 4.98 ± 0.58 64.52
7 1(8) +1(186) +1(0.20) 58.52 ± 0.20 1.79 ± 0.06 29.05 ± 0.65 8.05 ± 1.02 96.46
8 +1(24) +1(186) +1(0.20) 58.06 ± 1.78 1.24 ± 0.04 30.30 ± 0.45 3.55 ± 0.27 97.63
9 0(16) 0(165) 0(0.13) 57.41 ± 0.04 7.74 ± 0.02 25.73 ± 0.50 4.08 ± 0.45 85.71
10 0(16) 0(165) 0(0.13) 56.67 ± 0.23 7.38 ± 0.12 26.26 ± 0.29 3.27 ± 0.22 85.41
11 0(16) 0(165) 0(0.13) 56.02 ± 0.02 7.68 ± 0.28 26.29 ± 0.69 3.75 ± 0.63 83.53
X1: time, X2: temperature, X3: acid phosphoric concentration, and HS: solubilized hemicellulose.
Table 2
ANOVA for responses: percentage of cellulose (%C), percentage of hemicellulose (%H), percentage of lignin (%L) and solubilized hemicellulose (%HS).
Sum of squares Degrees of freedom Mean square F R2 p-value
%C
Regression 224.61 1 224.61 40.18 94.68 0.000134
Residual 50.29 9 5.59
Total 274.90 10
%H
Regression 468.64 1 468.64 112.11 97.71 0.000002
Residual 37.66 9 4.18
Total 506.30 10
%L
Regression 46.22 1 46.22 49.17 94.87 0.000062
Residual 8.48 9 0.94
Total 54.70 10
%HS
Regression 3517.93 1 3517.93 54.92 94.08 0.000041
Residual 576.51 9 64.06
Total 4094.44 10
F0.05; 1; 9 = 5.12.
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ered lignin (%L) and solubilized hemicellulose (%HS) percentages
are signiﬁcant and predictive.
The analysis of the chemical composition of the pretreated sug-
arcane bagasse (Table 1) showed that the percentage of cellulose
and lignin increased for all assays when compared to raw bagasse,
while a reduction occurred for hemicellulose. The best results (Ta-
ble 1) for the percentage of cellulose (%C) present in the solid frac-
tion after pretreatment were obtained in assays 3, 4, 7 and 8, which
correspond to higher temperatures employed in the pretreatment
(186 C).
The hemicellulose was reduced in all conditions of pretreat-
ment applied (Table 1), reaching 3.35%, 2.58%, 1.79% and 1.24% in
assays 3, 4, 7 and 8, respectively, which correspond to solubilities
of 93.25–97.63%, calculated from Eq. 3. The high solubilization
demonstrated in this study is indicative of the efﬁciency of the ap-
plied pretreatment since the main aim of treatment with dilute
acids is the solubilization of the hemicellulose, which presents an
amorphous and branched structure slightly resistant to hydrolysis
(Alvira et al., 2010; Taherzadeh and Karimi, 2008).
The pretreatment with 0.20% phosphoric acid at 186 C and
8 min was compared with other pretreatments of sugarcane ba-
gasse carried out in the same reactor (Table 3). The comparison
was performed with the results obtained in two different studies:
(i) an acid-catalyzed process with diluted sulfuric acid and acetic
acid (Rocha et al., 2011), and (ii) an hydrothermal pretreatment
(Silva et al., 2010).
Comparing this work phosphoric acid pretreatment with the
hydrothermal pretreatment performed by Silva et al. (2010), itcan be observed that the use of low concentration of phosphoric
acid as a catalyst for sugarcane bagasse pretreatment is muchmore
effective in removing hemicellulose, while less removal of cellulose
and lignin occurs. With relation to the results obtained with sul-
phuric and acetic mixed-acid pretreatment (Rocha et al., 2011),
the use of phosphoric acid at much lower concentration shows a
slightly higher capacity of solubilizing the hemicellulose, with
the advantage of being a source of phosphorous for the subsequent
fermentation of the hydrolysate. The hemicellulosic hydrolysate
might be used for fuel, chemical or enzyme production in a sugar-
cane-based bioreﬁnery, where, for instance, it could be mixed to
sugarcane molasses (a poor P-source) to formulate media with
appropriate sugar levels.3.1.2. Composition of the hydrolysates
The results of the composition of fermentation inhibition com-
pounds produced during the pretreatment are shown in Table 4.
Low levels of degradation products in the hydrolysates were
achieved for all of the experimental conditions employed (Table 4).
However, increases in the concentrations of these products were
generally observed when the temperature was elevated to 186 C
(assays 3, 4, 7 and 8). The high concentration of these products
are justiﬁed by the high solubilization of hemicelluloses at this
condition, since furfural and HMF are derived from the dehydration
of pentose and hexose, formic acid from HMF decomposition, and
acetic acid from hemicellulose deacetylation (Lavarack et al.,
2000; Mittal et al., 2009; Palmqvist and Hahn-Hägerdal, 2000;
Taherzadeh and Karimi, 2007).
Table 3
Chemical composition (w/w) of the solid fraction after hydrothermal and diluted acid pretreatment of sugarcane bagasse in 20 L batch reactor.
Component Assay 7a Rocha et al. (2011)b Silva et al. (2010)c
Composition (%) Solubilization (%) Composition (%) Solubilization (%) Composition (%) Solubilization (%)
Cellulose 58.52 20.76 61.65 14.60 58.80 23.80
Hemicellulose 1.79 96.46 2.79 93.40 15.10 67.60
Lignin 29.05 14.83 32.96 4.70 24.80 37.70
a Pretreatment conditions: phosphoric acid 0.20% w/v, 186 C, 8 min. Composition of raw bagasse: cellulose, 40.1%; hemicelluloses, 27.5%; lignin, 18.5%.
b Pretreatment conditions: sulfuric acid 1% w/v, and acetic acid 1% w/v, 190 C, 10 min. Composition of raw bagasse: cellulose, 45.5%; hemicelluloses, 27%; lignin, 21.1%.
c Pretretreament conditions: 185 C, 10 min. Composition of raw bagasse: cellulose, 42.8%; hemicellulose, 25.9%; lignin, 22.1%.
Table 4
Chemical composition of the hydrolysates obtained during the pretreatment of sugarcane bagasse according to the inhibition products.
Assay X1 X2 X3 Concentration (g L1)
Formic acid Acetic acid HMF Furfural
1 1(8) 1(144) 1(0.05) 0.01 0.56 0.11 0.06
2 +1(24) 1(144) 1(0.05) 0.02 0.66 0.11 0.07
3 1(8) +1(186) 1(0.05) 0.11 1.38 0.19 0.82
4 +1(24) +1(186) 1(0.05) 0.11 1.08 0.19 0.95
5 1(8) 1(144) +1(0.20) 0.02 0.91 0.11 0.10
6 +1(24) 1(144) +1(0.20) 0.03 1.03 0.11 0.12
7 1(8) +1(186) +1(0.20) 0.04 1.56 0.24 0.61
8 +1(24) +1(186) +1(0.20) 0.14 1.26 0.23 0.59
9 0(16) 0(165) 0(0.13) 0.03 1.10 0.05 0.22
10 0(16) 0(165) 0(0.13) 0.03 1.29 0.05 0.24
11 0(16) 0(165) 0(0.13) 0.02 1.18 0.07 0.23
X1: time, X2: temperature, X3: acid phosphoric concentration.
Table 5
Enzymatic cellulose conversion of pretreated bagasse (%CC).
Assay X1 X2 X3 %CC
1 1(8) 1(144) 1(0.05) 10.83
2 +1(24) 1(144) 1(0.05) 14.10
3 1(8) +1(186) 1(0.05) 52.12
4 +1(24) +1(186) 1(0.05) 48.30
5 1(8) 1(144) +1(0.20) 24.43
6 +1(24) 1(144) +1(0.20) 27.84
7 1(8) +1(186) +1(0.20) 56.38
8 +1(24) +1(186) +1(0.20) 56.31
9 0(16) 0(165) 0(0.13) 38.32
10 0(16) 0(165) 0(0.13) 36.52
11 0(16) 0(165) 0(0.13) 37.66
X1: time, X2: temperature, and X3: phosphoric acid concentration.
Table 6
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When micrographs of pretreated sugarcane bagasse at 186 C
(assays 3, 4, 7 and 8) were compared with the micrograph of raw
bagasse, signiﬁcant changes in the morphology could be observed
in the bagasse subjected to pretreatment. The parenchyma cells
(cells of ﬂattened format that constitute a layer on the cellulose ﬁ-
bers) were removed when the bagasse passed through the pre-
treatment process. Also, the ﬁbers were exposed, presenting a set
of bundles in a linear shape, and an increase in the surface area
could be observed.
However, the morphological differences among the micro-
graphs of the bagasse pretreated under different time and acid con-
centration (assays 3, 4, 7 and 8) were not as signiﬁcant as the
differences between the treated and untreated ﬁbers. This result
conﬁrms the values found in the analysis of chemical compositions
(Table 1) in which the percentages of cellulose (%C), hemicellulose
(%H) and lignin (%L) showed no signiﬁcant differences.ANOVA for enzymatic conversion of the cellulose (%CC).
Sum of
squares
Degrees of
freedom
Mean
square
F R2 p-value
Regression 2547.03 4 636.76 408.18 99.75 0.0000002
Residual 9.35 6 1.56
Total 2556.38 10
F0.05; 4; 6 = 4.53.3.3. Enzymatic hydrolysis
To evaluate the efﬁciency of the pretreatment, enzymatic
hydrolysis was performed using the samples obtained after each
pretreatment. Eq. 4 was used to calculate the %CC. The values at
the end of 72 h of hydrolysis are presented in Table 5. The highest
conversions were obtained for bagasse pretreated under conditions
3, 4, 7 and 8, which correspond to higher temperatures and greater
removal of the hemicellulose fraction. These samples reached val-
ues close to or greater than 50%, approaching those found in the lit-
erature (Geddes et al., 2010; Silva et al., 2010).
Yield of 383 gglucose kg1 of untreated bagasse was obtained
from the enzymatic hydrolysis (50 FPU g1bagasse) of the sugarcane
bagasse pretreated with steam and phosphoric acid at temperature
of 180 C for 10 min (Geddes et al., 2010). In the present study,
when 20 FPU g1bagasse of Celluclast were employed in the enzy-
matic hydrolysis process of the bagasse pretreated with 0.20% ofphosphoric acid and 8 min at 186 C, 367 gglucose kg1 of pretreated
bagasse was obtained, which correspond to a conversion of cellu-
lose to glucose of 56.38% (Table 5).
An analysis of variance (ANOVA; Table 6) was performed to ver-
ify whether the model representing %CC of the different samples of
pretreated sugarcane bagasse was signiﬁcant and predictive. The
correlation coefﬁcient (R2) showed a value close to 100%
(99.75%), and the calculated F value was 408.18, higher than the
Fig. 1. Response surfaces of the enzymatic conversion of cellulose to glucose as a function of the following: (a) Temperature and phosphoric acid concentration; (b)
Temperature and time; and (c) Time and phosphoric acid concentration.
S.M. de Vasconcelos et al. / Bioresource Technology 135 (2013) 46–52 51critical F value (F0.05; 4; 6 = 4.53), representing a level of signiﬁcance
of 5%. Consequently, the model for the cellulose conversion is con-
sidered to be signiﬁcant and predictive. On the basis of the ANOVA
results, it was established a ﬁrst-order coded model for the %CC, as
represented by Eq. 9. This model includes only the statistically sig-
niﬁcant terms (p < 0.05). The model was used to generate a re-
sponse surface for the analysis of the effects of the independent
variables (time, temperature and phosphoric acid concentration)
on the conversion of cellulose to glucose. All possible combinations
of the three variables were used (Fig. 1).%CC ¼ 36:62 þ 16:99X2 þ 4:95X3  1:32X1X2  1:88 X2X3
ð9Þ
The response surfaces show that the cellulose conversion (%CC)
increases considerably when the temperature is changed from
144 C (level 1) to 186 C (level +1) (Fig. 1a and b). The greatest
inﬂuence occurs with the combination of the temperature and
the phosphoric acid concentration. However, the inﬂuence of the
acid concentration variable is more signiﬁcant at low tempera-
tures. This inﬂuence can be proven by increasing the concentration
of phosphoric acid from 0.05% (1) to 0.20% (+1) while maintaining
the temperature at 144 C (assays 1 and 5; Table 5). At these val-
ues, the cellulose conversion was slightly more than twice as effec-tive as the conversion for assay 1. However, when the time and the
temperature remained at 8 min and 186 C, respectively (assays 3
and 7), the increase in the cellulose converted was only 8.1%.
4. Conclusion
High solubilization of hemicellulose can be achieved by phos-
phoric acid pretreatment of sugarcane bagasse at 186 C. Acid
catalysis with 0.20% phosphoric acid at 186 C, during 8 and
24 min, is very effective in solubilizing hemicellulose, reaching sol-
ubilization of 96% and 98%, respectively. The highest enzymatic
conversions of cellulose to glucose were achieved under these con-
ditions of pretreatment. Relatively low amounts of inhibitors are
produced, and the phosphoric acid remaining in the hemicellulosic
hydrolysate is at adequate levels for supplying the phosphorous
requirement for the subsequent fermentation of the hydrolysate
for fuel, chemical or enzyme production in a bioreﬁnery-based
process.
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